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Abstract
This work provides a facile anodic electrodeposition method for synthesizing carbon coated α-Fe2O3 photoanode followed 
by annealing treatment with argon atmosphere. Compared with bare hematite photoanode, the carbon coated α-Fe2O3 pho-
toanodes annealed at lower temperature (Fe2O3/C-L) and higher temperature (Fe2O3/C-H) have higher photocurrent density 
as 0.3 and 0.5 mA cm−2 (at 1.23 V vs. RHE), respectively. The excellent PEC performance is attributed to the synergistic 
reaction of carbon and vacancy oxygen. The morphology and properties of the sample were characterized with scanning 
electron microscopy, transmission electron microscopy, Fourier transform infrared spectroscopy, UV–Vis spectra, X-ray 
diffractometry, X-ray photoelectron spectra, and photoelectrical measurements.
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1  Introduction

In response to environmental problems caused by the rock-
eting energy needs, fabricating clean and renewable fuels 
become increasingly essential [1–5]. Among a range of pos-
sible fuel candidates, hydrogen is one of the most prom-
ises attributing to its environmental benign with zero car-
bon footprint and high energy density [6, 7]. In this regard, 
producing hydrogen from water by photoelectrochemical 
(PEC) devices harvesting sunlight has received increasing 

attention, which enables recyclable use of hydrogen fuel in 
a green and sustainable way [8–11].

A typical PEC device consists of a highly photoactive 
and durable photoanode for water oxidation reactions, and 
it is crucial to find suitable, efficient and stable materials 
as photoanode. Mental oxides are superior candidates for 
photoanode owing to its favourable stability. For example, 
zinc oxide [12], bismuth vanadate [13], titanium dioxide 
[14], iron oxide [15] and so on. Among the various mental 
oxide semiconductors, hematite (α-Fe2O3), as a promising 
photoanode, is nontoxic, low-cost, abundant on the earth, 
and highly stable under most of the aqueous environment. 
In addition, with a narrower bandgap of about 2.1 eV [16], 
hematite can utilize approximately 40% of the solar spec-
trum, and its theoretical solar-to-hydrogen (STH) efficiency 
up to 12.9% [17]. However, low conductivity, rapid elec-
tron–hole recombination rate, short carrier diffusion length 
(2–4 nm) and sluggish oxygen-evolution kinetic are intrin-
sic limitations of hematite for effective solar water splitting 
[18]. Various avoidance approaches have been proposed to 
resolve these limitations, including element doping, nano-
structure engineering, and surface modifications [19, 20].

Hematite photoanode can be synthesized by plenty 
of methods such as colloidal method [21], hydrothermal 
method [22], spray pyrolysis method [23], atomic layer 
deposition method [24]. Compared to other synthesis 
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methods, the electrodeposition is a bright and alternative 
method because of its simplicity of operation, ambient 
temperature and pressure processing conditions and the 
ability to control the crystallinity, phase composition as 
well as other physicochemical properties [25].

Based on previous studies, it is feasible to coat car-
bon layer on photoanode in order to enhance properties 
such as high electrical conductivity and chemical stabil-
ity. Zhu et al. [26] reported that surface hybridization of 
TiO2 with graphite-like carbon layers of a few molecular 
layers thickness yields efficient photocatalyst. Hou et al. 
[27] encapsulated p–n heterojunction of Cu2O–TaON 
photoanode in an ultrathin graphitic carbon sheath with 
protecting from electrolyte to achieve enhanced PEC water 
oxidation performance. However, to our knowledge, no 
previous work has been reported regarding the application 
of carbon-coating α-Fe2O3 photoanode by a simple and 
facile anodic electrodeposition in the presence of EG, as 
the origin of carbon.

In this paper, the EG coated FeOOH thin films were fab-
ricated by anodic electrodeposition with additive of ethylene 
glycol (EG), which induced one dimensional growth just 
as reported by Fu et al. [28]. Furthermore, annealing the 
fabricated EG coated FeOOH films in argon atmosphere, 
the carbon coated hematite films were obtained and the EG 
was the carbon source.

2 � Experimental

2.1 � Synthesis of α‑Fe2O3 Photoanode

The α-Fe2O3 films were prepared by anodic electrodeposi-
tion onto fluorine-doped tin oxide glass (FTO). Initially, the 
FTO was cleaned in an ultrasonic bath with detergent, deion-
ized water, acetone, and ethanol for 20 min in sequence, 
and then dried with nitrogen gas flow. Secondly, the 25 mL 
aqueous electrodeposition solution consisted of 0.1  M 
FeCl2·4H2O and ethylene glycol was prepared, in which the 
volume ratio of EG to H2O is 1/8. Iron oxide (FeOOH) was 
deposited onto FTO at 70 °C and 1.2 V in a three-electrode 
equipment with FTO as the working electrode, the graph-
ite rod as the counter electrode, and Ag/AgCl electrode as 
the reference electrode. Subsequently, the resulting samples 
were thoroughly rinsed with deionized water and annealed 
to transfer to α-Fe2O3 with four different annealing regimes. 
Specifically, the samples annealed with lower temperature 
of 500 °C for 2 h in air atmosphere were denoted as Fe2O3-L 
and in argon atmosphere as Fe2O3/C-L. The samples 
annealed with 750 °C for a short time after low temperature 
treatment in air atmosphere denoted as Fe2O3-H and in argon 
atmosphere as Fe2O3/C-H.

2.2 � Structural Characterization

The structure of iron oxide films was characterized by 
X-ray diffraction patterns (max 2500 PC) with CuKα radia-
tion (λ = 0.154059 nm) at 40 kV and 150 mA. The UV–Vis 
absorption spectroscopy (Shimadzu, UV 2450) was used 
to explore the optical properties. Surface morphology and 
microstructure was characterized by scanning electron 
microscopy (SEM, JEOL, JSM-6360LA, 20 kV) and trans-
mission electron microscopy (TEM, JEOL, JEM-2100). And 
the surface functional groups were determined by Fouri-
ertrans form infrared spectroscopy (FTIR, Nicolet IN10, 
Thermo Scientific). The element compositions of samples 
were determined by X-ray photoelectron spectroscopy (XPS, 
ESCALab 250Xi, Thermo Scientific).

2.3 � Photoelectrochemical Measurement

Photoelectrochemical measurement was carried out using 
a standard three-electrode electrochemical workstation 
(LK5600), in which the fabricated samples as working elec-
trode, a platinum foil as the counter electrode and an Ag/
AgCl (sat. KCl, E = 0.1976 V vs. RHE.) as the reference 
electrode. The 1 M NaOH (pH = 13.6) was used as electro-
lyte, and the simulated solar light irradiation was AM 1.5 
global and 1 sun (100 mW cm−2). Photocurrent was meas-
ured by linear sweep voltammetry from 0.4 to 1.7 V (vs. 
RHE) with a scan rate of 0.03 V s−1. The Mott–Schottky 
(MS), open circuit potential (OCP) and electrochemical 
impedance spectroscopy (EIS) were measured by VersaS-
TAT 3 potentiostat. The MS plots were measured in the dark 
at 1 kHz, the OCP transient tested was carried out under 
chopped light, and the EIS measurements were performed 
at OCP with the frequency range being adjusted between 
100 kHz to 0.1 Hz at amplitude frequency 10 mV under 
light irradiation.

3 � Results and Discussion

As seen in Fig. 1 and Fig. S1, the fabricated samples have the 
similar morphology as nanoparticle under different anneal-
ing regime. The thickness of the films is around 200 nm and 
the average size of the nanoparticles increases from 20–30 to 
50–60 nm with higher annealing temperature. Just as previ-
ously reported [29], the higher temperature accelerates the 
migration of surface atoms, which helps the incorporation 
of iron and oxygen atoms into the lattice sites, and thus the 
grains size increase.

As shown in Fig. 2a, compared with the well crystal-
line FeOOH characteristic peaks (JCPDS No: 75-1594), 
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amorphous FeOOH film formed during the electrodeposi-
tion process has no corresponding peak signal in XRD 
pattern. While annealed at four different conditions, films 
became crystalline, giving strong diffraction peaks match-
ing to the characteristic peaks of α-Fe2O3 (JCPDS No: 
33-0664). No peak intensity of FeOOH is found in all of 
the fabricated α-Fe2O3 films compared with the charac-
teristic peaks of FeOOH, which indicate that FeOOH is 
completely transformed into α-Fe2O3 after heart treatment 
process. All of the fabricated α-Fe2O3 films demonstrate 
the obvious diffraction peak of (110), which indicates 
preferential growth along [110] direction and improves 
hematite’s conductivity [28]. The relative peak intensity of 

the samples shows no distinct difference, but the intensity 
of [110] orientation is enhanced and the half-peak width 
decreased under higher temperature annealing. As shown 
in Fig. S2, the half-peak width of Fe2O3-L and Fe2O3-H 
electrodes are 0.429 and 0.363 respectively, while they 
are 0.382 and 0.356 for Fe2O3/C-L and Fe2O3/C-H elec-
trodes respectively. It is reported that the crystallinity of 
the electrode will be enhanced as the annealing tempera-
ture rise, which could be conducive to improve hematite’s 
PEC performance [30]. The UV–Vis absorbance spectra of 
the fabricated photoanodes (Fig. 2b) have a clear absorp-
tion edge around 600 nm, corresponding to the band gap 
energy of the typical hematite electrodes of 2.1–2.2 eV.

Fig. 1   Top-view SEM images 
of the α-Fe2O3 photoanode. 
a Fe2O3-L, b Fe2O3-H, c 
Fe2O3/C-L, d Fe2O3/C-H

Fig. 2   a X-Ray diffraction patterns and b UV–Vis absorbance spectra of the samples
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FTIR spectrum is used to determine the surface func-
tional groups of the fabricated electrodes. From Fig. 3a, the 
as-deposited electrode deposited with EG shows two distinct 
peaks at 2850 and 2920 cm−1, which can be assigned to 
symmetric and asymmetric stretching vibration of the –CH2 
bond. It can be confirmed that the amorphous lepidocroc-
ite is coated with the short carbon chain of EG. Besides, 
the FTIR peak at 3348 cm−1 corresponds to the stretching 
vibration of –OH. The peaks at 1543 and 1650 cm−1 are 
ascribed to C = C stretching vibration, which can also be 
observed when the film was deposited without EG. However, 
these two peaks disappear when Pt used as counter elec-
trode (seen in Fig. S3). It can be concluded that the C = C 
peaks are caused by some quantity of carbon adsorbed in the 
photoelectrode in the process of deposition for the graphite 
rod used as counter electrode. As seen from Fig. 3b, after 
annealing at four different annealing regimes, the peak of 
–OH disappears with FeOOH converting to α-Fe2O3, which 
are in consonance with the results of XRD. While, the car-
bon peaks of fabricated electrodes Fe2O3-L and Fe2O3-H 
annealed in air atmosphere disappear due to the burning of 
EG to form carbon dioxide. Contrarily, annealed in argon 
atmosphere, the carbon peaks of Fe2O3/C-L and Fe2O3/C-H 
electrode observed still. It demonstrates that carbon-coated 
hematite photoanode obtained under argon atmosphere 
annealing. To further ascertain the existence of carbon on 
the electrode, TEM measurement was carried out. Fig. S4 
shows the HRTEM images of Fe2O3/C samples. It clearly 
reveals the lattice fringe with 0.257 nm which correspond to 
(110) plane of α-Fe2O3. A thin and nonuniform carbon layer 
with average thickness of less than 1.5 nm was observed on 
the surface of α-Fe2O3.

In order to confirm the surface composition of the 
Fe2O3/C-L and Fe2O3/C-H electrodes, X-ray photoelec-
tron spectroscopy (XPS) was carried out and the results 
are shown in Fig. 4. The full-scale XPS spectra (Fig. 4a) 

reveal the presence of Fe, O and C elements in Fe2O3/C-L 
and Fe2O3/C-H electrodes. The Fe and O signals are from 
α-Fe2O3. The C peak is attributed to EG in accordance 
with the result of FTIR, which demonstrates the carbon 
is retained in Argon atmosphere annealing condition. As 
shown in higher resolution curves of Fe 2p (Fig. 4b), the 
two peaks located at 710.7 and 723.8 eV can be assigned 
to the signals of Fe 2p3/2 and Fe 2p1/2 corresponding to 
the typical trivalent Fe species. For two electrodes, there 
is a small peak at lower binding energy of Fe 2p3/2 cor-
responding to the divalent Fe. Yan et al. [31] indicates the 
existence of Fe2+ in the hematite lattice was achieved by 
annealing in a lack of oxygen atmosphere, e.g. in Argon. 
As shown in Fig. 4c, d, for Fe2O3/C-L and Fe2O3/C-H elec-
trodes, the observed main peak at 529.9 eV (O 1s) is due to 
oxygen atoms bound to metals, while the shoulder peak at 
higher binding energy is attributed to the defect sites with 
a low oxygen coordination, i.e. oxygen vacancies [32, 33]. 
Deconvolution of the O 1s spectra shows that the intensity 
of the shoulder peak around 532 eV relative to that of the 
main oxide peak at 529.9 eV increases from 0.56 to 3.30 
for the Fe2O3/C-L and Fe2O3/C-H electrodes respectively. 
Obviously, for Fe2O3/C-H electrode, the density of oxygen 
vacancies is much higher than the Fe2O3/C-L electrode, and 
it can be concluded that the higher temperature can increase 
the density of oxygen vacancies.

To investigate the PEC performance of the as-prepared 
photoanodes with four different annealing regimes, the 
photocurrent response under simulated solar light irradia-
tion has been measured shown in Fig. 5a. It is observed that 
the sample Fe2O3-L yielded very low photocurrent density, 
indicating that carrier generation and their separation were 
limited due to the poor charge transport properties of crystal-
line hematite. Fe2O3-H photoanode shows enhanced photo-
current density for the effect of improved crystallinity and 
additional charge carriers in hematite nanoparticles, which 

Fig. 3   Fouriertransform infrared spectroscopy of as-deposited (a) and annealed (b) films
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caused by the doping of Sn4+ ions diffused from FTO with 
higher temperature annealing [34]. The fabricated photo-
anode Fe2O3/C-L and Fe2O3/C-H annealed in argon atmos-
phere show improved photocurrent density as 0.3 mA cm2 
and 0.5 mA cm2 at 1.23 V (vs. RHE), respectively. The main 
reason may be attributed to the coated carbon and vacancy 
oxygen. Hou et  al. [27] indicated that the carbon layer 
can behave as an electron conductor to enhance the elec-
tron–hole separation and easily transfer electrons. Freitas 
et al. [35] indicated that inert gas annealing enhance the cat-
alytic efficiency of α-Fe2O3 surface by effectively increasing 
the rate of hole transfer to the electrolyte. In order to prove 
the effect of carbon caused by EG, the photocurrent response 
of the electrode deposited with and without EG annealed at 
higher temperature and argon atmosphere is shown in Fig. 
S5. It can be concluded that the carbon can enhanced the 
photocurrent response of the photoelectrode. As shown in 
Fig. 5b, the photocurrent response measurements were per-
formed under back-side and front-side illuminations for all 
samples. The photoanodes annealed in air atmosphere have 
higher photocurrent density under back-side illumination 
than front-side, which is in agreement with the literature 

[36]. For front-side illumination, electrons have to travel a 
longer distance to FTO compared to back-side illumination 
where the accumulation of charge is higher. On the contrary, 
the photoanodes annealed in argon atmosphere have higher 
photocurrent density under front-side illumination. It can be 
attributed to the increased electron conductivity caused by 
coated-carbon and vacancy oxygen in the surface of hema-
tite. The holes generated near the semiconductor-electrolyte 
interface injected easily into the electrolyte and electrons 
are easier to traverse to the back contact, implying higher 
photocurrent density under front side illumination. The sta-
bility tests shown in Fig. 5c, all the fabricated samples show 
a good stability during measuring time.

To clarify the origin of the different photocurrent 
response and electron transport mechanism of the fabricated 
electrode, Mott–Schottky (MS) analysis was performed and 
the results are shown in Fig. S6. The positive slopes of MS 
plots indicate that all of the electrodes are n-type semicon-
ductor with electrons as the majority carriers. Although the 
MS analysis is derived from a planar electrode model, it 
is still reasonable to calculate the carrier density for com-
parison purpose [37]. The carrier densities calculated from 

Fig. 4   a XPS survey spectrum, high resolution, b Fe 2p and c, d O 1s XPS spectra collected for Fe2O3/C-L and Fe2O3/C-H electrodes
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the slopes of the MS plots for Fe2O3-L and Fe2O3/C-L are 
3.28 × 1024 and 6.28 × 1025 m−3, respectively. The differ-
ence was likely to be generated by the increased electron 
conductivity caused by coated-carbon and vacancy oxygen. 
Similarly, for Fe2O3/C-H electrodes, the carrier density is 
2.15 × 1025 m−3, about four times more than the value of 
5.80 × 1024 m−3 for Fe2O3-H electrode.

To further probe the quality of the photoanode/electro-
lyte junction, the open circuit potential (OCP) transient 
tests of the prepared samples are carried out and the results 
are shown in Fig. 6. It was noted that the generated pho-
tovoltage (equal to the difference of open circuit voltage 
upon light illumination and in dark) of the Fe2O3/C-H and 
Fe2O3/C-L samples (0.209 and 0.184 V vs. Ag/AgCl) are 
larger than that of the Fe2O3-H and Fe2O3-L samples (0.182 
and 0.166 V vs. Ag/AgCl) as the light was on, indicating that 
the prepared samples annealed in argon atmosphere show 
more remarkable photoelectric conversion ability.

To explore the charge dynamics of the photoanodes, EIS 
is performed for all the samples under front side illumina-
tion as Fig. 7. The Nyquist impedance of the fabricated 
photoanodes analyzed in a frequency range of 0.1–105 Hz 

and the corresponding equivalent circuit model fitted from 
the obtained EIS data by program Zsimpwin, in which the 
dots in the plots represent the experimental data and the 
solid lines represent the result of fitting. The EIS equiva-
lent circuit model includes two sub-circuit which contain-
ing a resistance and a capacitance (RC) in parallel circuits. 

Fig. 5   Photocurrent densities-potential curves of the fabricated photoanodes [AM 1.5 global, 1 sun (100 mW cm−2)]. a Front side-illuminated 
and dark, b front- and back-side illumination. c Stability of fabricated photoanodes under light illumination at 1.23 V (vs. RHE)

Fig. 6   Open circuit potential (OCP) curves of the fabricated photoan-
odes under chopped light
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The fitted impedance parameter values of the resistances 
(R) and constant phase elements (CPE) are listed in Fig. 7b. 
The small semicircle at high frequency (R1/CPE1) reflected 
the recombination of charges in bulk. The large semicircle 
at low-frequency (R2/CPE2) represent the larger interface 
resistance between n-type semiconductor electrode and elec-
trolyte, which is the most difficult process of an entire pho-
toelectrochemical reaction system [38–40]. Comparing the 
sample Fe2O3/C-H to Fe2O3-H, and Fe2O3/C-L to Fe2O3-L, 
the fitting results indicated that the photoanodes annealed 
with argon atmosphere exhibit lower resistance R1 for elec-
trons recombining with holes and the charge transfer resist-
ance R2 from the surface state of the electrode. The Fe2O3/C 
photoanodes with lower resistance R1 indicates decreased 
electron–hole recombination attributed to the excellent 
electrical nature of coated-carbon and vacancy oxygen. The 
Fe2O3-H photoanode exhibit lower resistance R1 compar-
ing to Fe2O3-L, the main reason is that the reduced grain 
boundaries and Sn-doping in proximity to the FTO inter-
face coincide with the result of Glasscock [41]. While the 
Fe2O3/C-H photoanode exhibit higher resistance R1 compar-
ing to Fe2O3/C-L attributed to the coated-carbon reducing 
with higher annealing temperature according to the result of 
FTIR and XPS, which indirectly indicate the coated-carbon 
is the main imaging factor of bulk recombination. Further-
more, the small value of R2 of Fe2O3/C photoanodes results 
in faster hole transfer at the surface, which relates to the 
vacancy oxygen to the fast OCP-decay behavior in Fig. S7.

To further account for the bulk and surface charge transfer 
efficiency for the above samples, photocurrent response in 
the presence of a hole scavenger with 0.5 M H2O2 in the 
1 M NaOH electrolyte was performed as shown in Fig. 8a. 
According to the report of Dotan [42], the addition of H2O2 
to the electrolyte removes the injection barrier but does not 

affect charge separation within the space charge layer of 
the hematite electrodes. And the surface charge injection 
(ηsurface) and bulk charge separation efficiencies (ηbulk) for 
these samples in the voltage region occurring before their 
dark current onset were calculated in detail in Section S6, 
and the results are shown in Fig. 8b, c. It can be seen that the 
ηsurface of Fe2O3/C-H is close to zero up to the photocurrent 
onset potential (0.85 V vs. RHE) and then it rises steeply 
up to 90% at high potentials resulted from deactivation 
of surface traps at the electrode/electrolyte interface. The 
Fe2O3/C-H photoanode has higher ηsurface than the others for 
the vacancy oxygen, which confirmed the result of EIS. As 
seen in Fig. 8c, the difference of ηbulk of the Fe2O3/C-L and 
Fe2O3-L is larger than Fe2O3/C-H and Fe2O3-H photoanode 
attributed to the coated-carbon which increased the electron 
conductivity of photoanode. It can be concluded that the 
synergistic reaction of carbon and vacancy oxygen caused 
the excellent PEC performance of the Fe2O3/C photoanode.

4 � Conclusions

In this study, anodic electrodeposition method was used for 
synthesizing carbon coated α-Fe2O3 photoanode followed by 
annealing treatment with argon atmosphere. After anneal-
ing at four different annealing regimes, the Fe2O3/C-L and 
Fe2O3/C-H photoanodes have higher photocurrent density 
as 0.3 and 0.5 mA cm−2 (at 1.23 V vs. RHE), respectively. 
FTIR, HRTEM and XPS analysis verify that the carbon ele-
ment indeed exists in the α-Fe2O3 photoanode before and after 
annealing treatment with argon atmosphere. Furthermore, O 
1s spectra demonstrate that the number of oxygen vacancies 
increase at higher temperature. The coated carbon and vacancy 
oxygen increased electron conductivity, which is crucial for 

Fig. 7   a Nyquist plots of the fabricated photoanodes. b Corresponding equivalent circuit model and fitting impedance parameter values
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promoting the charge separation efficiency in the bulk. And the 
faster hole transfer at the surface was attributed to the vacancy 
oxygen, which is crucial for promoting the charge separation 
efficiency in the surface. The excellent PEC performance was 
attributed to the synergistic reaction of carbon and vacancy 
oxygen, which was demonstrated by the Mott–Schottky, EIS 
analysis and the I–V characterization, as well as the I–V char-
acteristics with H2O2 as the hole scavenger. Future work will 
focus on the improvement of the hematite structure and further 
surface modification aiming at less charge recombination and 
better photoelectrochemical performance.
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